Several Solanum weed species (S. nigrum, S. aethiopicum, S. dulcamara, and S. luteum) were identified as hosts for PepMV (7) . It is possible that these Solanum weeds common to the tomato ecosystem also play a role in the epidemiology of this disease.
At least 10 PepMV isolates have been completely sequenced to date (1, 2, 8, 10, 11, 13) . Interestingly, genome sequences among European tomato isolates share high nucleotide sequence identity (99 to 100%) (21) . For example, the Spanish PepMV isolates are similar in genome sequences, even though the symptoms they induced are variable (13, 17) . On the other hand, US1 and US2 isolates of PepMV are more diverse in genome sequences (11) . US1 and US2 share 86% nucleotide sequence identity with each other and only 79 to 82% with the European tomato isolates. We recently characterized two virus variants (Ch1 and Ch2) obtained from an imported commercial tomato seed sample, originally produced in Chile (8) . Ch1 was shown to be most closely related to the US1 isolate (with 99% sequence identity between the two) and Ch2 most closely related to the US2 isolate (with 91% sequence identity).
There are only limited options to combat this highly contagious disease. The current disease management strategy to limit PepMV transmission in greenhouse tomato production is by cultural practices. These approaches include the use of certified PepMV-free tomato seed, roguing of symptomatic seedlings, and the sanitization of hands and tools between plants. Because these cultural practices are not always effective, the use of resistant cultivars is the most desirable approach. Unfortunately, current tomato cultivars have no resistance to PepMV infection. There has been little published information on resistance to PepMV. Pico et al. (14) indicated that partial resistance to Spanish isolates existed in S. chilense accession LA1963 and S. peruvianum accessions PI 143679 and LA1708. Recently, Soler-Aleixandre et al. (19) reported partial resistance to a Spanish isolate of PepMV (European strain) in several S. chilense accessions. Little is known about the total number and type of accessions that have been tested and of the importance of strain effects on resistance. The objective of the present study was to evaluate a tomato germplasm core collection to genetically diverged isolates of PepMV for resistance.
MATERIALS AND METHODS
Tomato germplasm accessions. In all, 109 accessions belonging to five different species of Solanum were used ( Table 1 ). Numbers of accessions tested were 23 S. lycopersicum, 33 S. peruvianum, 18 S. chilense, and 27 S. habrochaites. Seed for these four species were obtained from the Tomato Genetics Resource Center (TGRC) at the University of California, Davis. Seed for eight S. pimpinellifolium accessions were produced in-house. Together, these accessions make up a core collection from the TGRC. At least 18 seeds per accession were germinated in Metro-Mix 360 soilless plant growth media (Sun Gro Horticulture, Bellevue, WA) in individual pots. Seedlings were germinated in an insectfree containment greenhouse with a temperature range of 18 to 30ºC and natural lighting period of 12 to 14 h. Depending on the germination rate, not all accessions reached the goal of 18 plants per accession. Plants were fertilized weekly with liquid fertilizer (20-20-20) to promote growth and viral symptom expression.
Virus sources and mechanical inoculation. An earlier study from our lab (8) showed that a PepMV culture generated from an imported commercial tomato seed sample contained two genetic variants (Ch1 and Ch2). The pairwise comparison of PepMV Ch1 and Ch2 genomes showed only 78% nucleotide sequence identity. They also shared only 78 to 86% nucleotide identity to several European type isolates. However, the highest nucleotide sequence identity was between Ch1 and US1 (99%), or Ch2 and US2 (91%) (8) . Mixed infection of two genetic variants in a sample also was reported in the study of US1 and US2 strains (11) . Because the original sample for US1 and US2 was limited and the live virus cultures were not available (11), we chose to use Ch1 and Ch2 isolates in this experiment to represent US1 and US2 isolates, respectively. The virus culture with a mixture of PepMV Ch1 and Ch2 was maintained on Nicotiana benthamiana. In addition, one new isolate originally collected from Texas (TX1), with a nucleotide sequence that is very similar to the European isolates (>98% in the coat protein gene) (K. S. Ling, unpublished data), was used in this study as a PepMV European isolate. Virus inoculum was prepared (1:5, wt/vol) by macerating virusinfected leaf tissues in 0.01 M phosphate saline buffer, pH 7.4. Tomato seedlings at the two-to three-leaf stage were dusted lightly with a layer of Carborundum. Mechanical inoculation was performed with a gentle rubbing on the Carborundumcovered leaves with a cotton swab soaked in the virus preparation. To ensure the maintenance of virus infectivity, three susceptible tomato plants (cv. Horizon) and three N. benthamiana plants were inoculated with the same virus preparation at the beginning and end of each inoculation process.
Primary screening of a tomato germplasm core collection. Inoculated plants were inspected weekly and the final reading was carried out 30 days post inoculation (DPI). Disease severity was rated on a 1-to-9 scale, where 1 = no visible symptoms; 2 = older leaves showing mild mosaic, plant recovered in the apical leaves; 3 = mild mosaic and mottling on leaves; 4 = mosaic and yellow patches on leaves; 5 = severe yellow mosaic and mottling on leaves; 6 = severe mottling and leaf blistering; 7 = plant stunting, leaf distortion, necrotic lesions on stems; 8 = extensive necrotic lesions, flowers abort, mosaic symptoms on fruit; and 9 = plant death. A disease severity index (DSI) was calculated with the mean disease ratings of all test plants in a given accession.
Serology. Enzyme-linked immunosorbent assay (ELISA) was conducted to ensure that the symptoms expressed on the test plants resulted from PepMV infection and to evaluate the level of virus accumulation in each plant. The PepMV antibody and its enzyme conjugate were supplied by Agdia (Elkhart, IN). Doubleantibody sandwich ELISA was conducted according to the manufacturer's instructions. Samples were prepared 1:20 (wt/vol) in tissue extraction buffer (BioReba, Switzerland). Absorbance values at 405 nm were measured with SpectraMax Plus384 (Molecular Devices, Sunnyvale, CA). Noninoculated and virus-infected cv. Horizon samples were included in each ELISA plate to serve as the negative and positive controls, respectively. Mean absorbance and the standard deviation were calculated for each accession to estimate virus accumulation (3). The absorbance index (ABI) was calculated using the ratio of the mean ELISA absorbance of each accession against that of the infected Horizon samples tested on the same microtiter plate.
Defining the level of resistance. Test plants expressing no symptoms (DSI rating of 1) and with no detectable level of virus accumulation in ELISA (ABI < 0.09) was considered to be highly resistant. Plants with a DSI rating of 2 and a significant reduction in absorbance values relative to that of the susceptible control (cv. Horizon) (0.10 < ABI < 0.19) were considered to be resistant. Test plants with a DSI rating of 3 and with a reduction in the ELISA absorbance (0.20 < ABI < 0.79) was considered to have moderate resistance. Tested plants with DSI ratings of 4 to 9 with no major reduction in virus accumulation (0.8 < ABI < 1.0) were considered to be susceptible. Plants with no symptoms (DSI rating of 1) and low or no detectable levels of PepMV in ELISA (ABI < 0.19) were saved for seed production and for further analyses of progenies.
Secondary screening of seedlings generated from single plant selection. The best-performing plants were saved for seed increase and additional tests for resistance. Three plants each from S. habrochaites LA1731 and LA2167 and a single plant in LA 2156 were selected for seed production. Because S. habrochaites is selfincompatible, fruit were produced through sibling pollination among plants in the same accession (LA1731 and LA2167) or between accessions (LA 2156 × LA2167) when only one single resistant plant in LA 2156 was available. The secondary screening was conducted with progenies generated from these putative resistant plants, designated as LA1731-sib, LA2156 × LA2167, and LA2167-sib, respectively, with two different PepMV inoculum sources (a mixture of PepMV Ch1 and Ch2, and TX1).
RESULTS
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All 21 S. lycopersicum and eight S. pimpinellifolium accessions tested were susceptible to PepMV. These accessions showed severe disease symptoms from virus infection, with DSI ranging from 4.2 to 6.0 for S. lycopersicum and 4.0 to 6.0 for S. pimpinellifolium accessions. When tested with ELISA, all S. lycopersicum plants had high levels of virus accumulation similar to that of the inoculated positive control cv. Horizon.
On the other hand, plants in 33 S. peruvianum accessions showed greater variations in responses to PepMV infection. Almost all accessions were susceptible to PepMV, with DSI ranging from 4.0 to 5.0. However, accession LA107 had a DSI of 3.3 (ABI of 0.71) and LA1305 had a DSI of 3.5 (ABI of 0.53). These two accessions were considered to be moderately resistant to PepMV (Table 2) .
Overall, 18 S. chilense accessions were less susceptible to PepMV, with DSI lower than 4.0 but higher than 3.0. The most promising accessions were LA1971 and LA2748, with DSIs of 3.0 and an ABI of 0.59 and 0.46, respectively ( Table 2) . These accessions were regarded as moderately resistant to PepMV. All other S. chilense accessions, including LA1963, that previously had been shown by others (14) to have a partial resistance to Spanish isolates of PepMV (European tomato strain), were considered to be susceptible to PepMV Ch1 and Ch2 infection.
The most interesting of the five Solanum spp. tested was S. habrochaites. Although 24 of the 27 S. habrochaites accessions tested were susceptible to PepMV, 3 accessions (LA 1731, LA 2156, and LA 2167) exhibited a lower disease severity index (DSI = 3 to 4) and ELISA absorbance index (ABI = 0.37 to 0.78) ( Table 2) . Importantly, three plants in LA 1731, one in LA 2156, and three in LA 2167 remained symptomless, with low ELISA absorbance levels (ranging between 0.172 and 0.966), compared with a much higher ELISA reading (OD 405nm = 2.388) in the infected positive control. These seven selections were saved for seed production and further evaluation of resistance. Numerous seed were extracted from fruit generated by sibling pollination of the selected resistant plants in LA1731 and LA2167. Because only one single plant was saved in LA2156, hybrid seed was developed with cross pollination of the selected resistant plants between LA2156 and LA2167.
Secondary screening of the selected plants against PepMV. Two independent experiments were conducted. The first experiment was to confirm the resistance potential of progeny plants generated from three selected S. habrochaites accessions against the homologous isolates (a culture with the mixture of PepMV Ch1 and Ch2). Between 24 and 35 progeny seedlings from each accession were used. Only 2 of 90 total progeny plants screened from the three accessions expressed PepMV symptoms (Table 3) . However, ELISA showed that many of the symptomless plants actually were infected. In the LA1731 progeny (LA 1731-sib), 9 of 35 had either a nondetectable or very low virus titer (OD 405nm < 0.19), while all the plants in progenies of LA2156 × LA2167 and LA2167-sib contained mid to high levels of PepMV (OD 405nm = 0.200 to 2.00; Table 3 ).
A second experiment was performed to determine whether the resistance in the selected plants also extended to a heterologous isolate, PepMV TX1. To our surprise, a large number of plants from the three selected accessions (19 of 28) had no symptom expression, although the control cv. Horizon was severely infected ( Table 4 ). The best resistance to PepMV TX1 was also seen in LA1731-sib. A total of 6 of 10 plants tested had nondetectable levels of PepMV by ELISA. These plants were saved again for another round of selection.
DISCUSSION
Three sources of resistance to PepMV were identified in S. habrochaites accessions (LA1731, LA2156, and LA2167). Among them, LA1731-sib resulted in the highest level of resistance to PepMV infection against two inoculum sources consisting of genetically diverged isolates of PepMV (a mixture of Ch1 and Ch2, and TX1). Previously, other reports had identified partial resistance to PepMV European tomato isolates in S. chilense (LA470 and LA1963) and S. peruvianum (LA1708 and PI 143679) (14, 19) . Among these four accessions, only LA1963 was included in our primary screening. Although we did not test LA1963 with the original Spanish isolate of PepMV (14) , this accession in our tests was shown to be susceptible to the infection by a mixture of PepMV Ch1 and Ch2. This apparent difference in the resistance response to two genetic diverged strains of PepMV suggests that LA1963 may possess a strain-specific resistance to PepMV. Thus, the identification of resistance to several genetically diverged isolates of PepMV in the progenies of a single Table 3 . Secondary screening for resistance to Pepino mosaic virus (Ch1 and Ch2 isolates) with progeny generated from plant selections of Solanum habrochaites accessions a Number of plants tested. b Absorbance index (ABI) was calculated using the ratio of the mean enzyme-linked immunosorbent assay absorbance of each accession against that of the PepMV-infected Horizon samples (i.e., positive control). c Disease severity index (DSI) was the mean disease rating of all plants tested in a given accession.
Disease severity was rated on a 1-to-9 scale, where 1 = no visible symptoms; 2 = older leaves showing mild mosaic, plant recovered in the apical leaves; 3 = mild mosaic and mottling on leaves; 4 = mosaic and yellow patches on leaves; 5 = severe yellow mosaic and mottling on leaves; 6 = severe mottling and leaf blistering; 7 = plant stunting, leaf distortion, necrotic lesions on stems; 8 = extensive necrotic lesions, flowers abort, mosaic symptoms on fruit; and 9 = plant death.
accession (LA 1731-sib) from this study was significant. Similar to the situation with a mixed infection of different genetic variants of PepMV in a field-collected sample (11), two genetic variants (Ch1 and Ch2) were identified only after genome sequencing of a field isolate generated from a commercial tomato seed sample (8) . In an effort to select for a more durable level of resistance, we used a virus culture that contained a mixture of both genetic variants (Ch1 and Ch2) in the primary screening. This added level of selection pressure appears to have been effective, because the progeny seedlings generated from the three selected accessions (LA1731, LA2156, and LA2167) were not only resistant against the homologous isolates (PepMV Ch1 and Ch2) but also against the heterologous isolate (PepMV TX1).
Three asymptomatic LA1731 plants with reduced virus titers were sibpollinated, which resulted in progeny that were entirely symptomless to the mixed infection of PepMV Ch1 and Ch2. In addition, a larger proportion (9 of 35) of progeny plants had very low or nondetectable levels of virus accumulation than did the original population (1 of 8), again suggesting genetic gain. However, levels of virus accumulation in the progeny plants derived from LA1731-sib varied greatly (OD 405nm ranging from 0.10 to 2.00) in the apparently asymptomatic test plants, suggesting that resistance to PepMV replication in LA1731-sib potentially is controlled by another gene or genes in addition to those required to suppress symptom expression. Plants that had no detectable virus are presently being sib-pollinated and progeny then will be inoculated in an attempt to obtain a pure population that breeds true for resistance to PepMV Ch1 and Ch2 isolates. If such a population is attained, similar breeding steps will be taken to generate resistance to the PepMV TX1 isolate. In fact, after inoculation with the PepMV TX1 isolate (European type), 6 of the 10 tested LA1731-sib progeny plants were asymptomatic and had no detectable levels of PepMV, suggesting that there are genes in the LA1731-sib population that might confer resistance to the PepMV European isolates as well.
From our results, it does not appear that LA2167 is a likely source of resistance because no virus-free plants were obtained for either isolate. Also, when LA2156 was crossed with LA2167 and screened with the PepMV Ch1 and Ch2 isolates, all progeny were found to have detectable levels of virus. However, one plant with no symptoms and no detectable level of the virus was attained after inoculation with the TX1 isolate. It may be possible that LA2156 has a gene or genes that provide resistance to European isolates and, thus, crosses will be made using this plant. Resistance genes from LA2156 could be different than those in LA1731 and may prove useful in the future, as more extensive testing is done with other virus isolates.
The results reported herein are encouraging because it appears, for the first time, that resistance to three genetic diverged isolates of PepMV (Ch1, Ch2, and TX1) may have been attained. Development of tomato cultivars with resistance to PepMV would reduce not only yield losses due to the disease but also the need for tight regulation of seed and transplants currently necessary in the greenhouse tomato industry. 
